Introduction {#Sec1}
============
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                \begin{document}$$h$$\end{document}$ with a mass of 125 GeV was discovered by the ATLAS and CMS collaborations at the LHC \[[@CR1], [@CR2]\]. One of the most important remaining questions is whether the newly discovered particle is part of an extended scalar sector as postulated by various extensions to the Standard Model (SM) such as the two-Higgs-doublet model (2HDM) \[[@CR3]\] and the electroweak-singlet (EWS) model \[[@CR4]\]. These predict additional Higgs bosons, motivating searches at masses other than 125 GeV.

This paper reports four separate searches with the ATLAS detector for a heavy neutral scalar $\documentclass[12pt]{minimal}
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                \begin{document}$$Z$$\end{document}$ bosons, encompassing the decay modes $\documentclass[12pt]{minimal}
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                \begin{document}$$ZZ\rightarrow \ell ^+\ell ^-\ell ^+\ell ^- $$\end{document}$, $\documentclass[12pt]{minimal}
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                \begin{document}$$ZZ\rightarrow \ell ^+\ell ^-\nu \bar{\nu } $$\end{document}$, $\documentclass[12pt]{minimal}
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                \begin{document}$$ZZ\rightarrow \ell ^+\ell ^- q \bar{q} $$\end{document}$, and $\documentclass[12pt]{minimal}
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                \begin{document}$$ZZ\rightarrow \nu \bar{\nu } q \bar{q} $$\end{document}$, where $\documentclass[12pt]{minimal}
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                \begin{document}$$\ell $$\end{document}$ stands for either an electron or a muon. These modes are referred to, respectively, as $\documentclass[12pt]{minimal}
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                \begin{document}$$\nu \nu qq $$\end{document}$.

It is assumed that additional Higgs bosons would be produced predominantly via the gluon fusion (ggF) and vector-boson fusion (VBF) processes but that the ratio of the two production mechanisms is unknown in the absence of a specific model. For this reason, results are interpreted separately for ggF and VBF production modes. For Higgs boson masses below 200 GeV, associated production (*VH*, where $\documentclass[12pt]{minimal}
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                \begin{document}$$V$$\end{document}$ stands for either a $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$W$$\end{document}$ or a $\documentclass[12pt]{minimal}
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                \begin{document}$$Z$$\end{document}$ boson) is important as well. In this mass range, only the $\documentclass[12pt]{minimal}
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                \begin{document}$$\ell \ell \ell \ell $$\end{document}$ decay mode is considered. Due to its excellent mass resolution and high signal-to-background ratio, the $\documentclass[12pt]{minimal}
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                \begin{document}$$\ell \ell \ell \ell $$\end{document}$ decay mode is well-suited for a search for a narrow resonance in the range $\documentclass[12pt]{minimal}
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                \begin{document}$$140<m_{H} <500$$\end{document}$ GeV; thus, this search covers the $\documentclass[12pt]{minimal}
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                \begin{document}$$\ell \ell \ell \ell $$\end{document}$ search includes channels sensitive to *VH* production as well as to the VBF and ggF production modes. The $\documentclass[12pt]{minimal}
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                \begin{document}$$m_{H} $$\end{document}$ ranges down to 200 and 240 GeV respectively, consider ggF and VBF channels only. The $\documentclass[12pt]{minimal}
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                \begin{document}$$\nu \nu qq $$\end{document}$ search covers the $\documentclass[12pt]{minimal}
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                \begin{document}$$m_{H} $$\end{document}$ range down to 400 GeV and does not distinguish between ggF and VBF production. Due to their higher branching ratios, the $\documentclass[12pt]{minimal}
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                \begin{document}$$\nu \nu qq $$\end{document}$ decay modes dominate at higher masses, and contribute to the overall sensitivity of the combined result. The $\documentclass[12pt]{minimal}
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                \begin{document}$$m_{H} $$\end{document}$ range for all four searches extends up to 1000 GeV.
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                \begin{document}$$\ell \ell \ell \ell $$\end{document}$ search is further divided into four channels based on lepton flavour, while the $\documentclass[12pt]{minimal}
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                \begin{document}$$\ell \ell \nu \nu $$\end{document}$ search includes four channels, corresponding to two lepton flavours for each of the ggF and VBF production modes. For the $\documentclass[12pt]{minimal}
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                \begin{document}$$\nu \nu qq $$\end{document}$ searches, the ggF production modes are divided into two subchannels each based on the number of $\documentclass[12pt]{minimal}
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                \begin{document}$$b$$\end{document}$-tagged jets in the event. For Higgs boson masses above 700 GeV, jets from $\documentclass[12pt]{minimal}
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                \begin{document}$$Z$$\end{document}$ boson decay are boosted and tend to be reconstructed as a single jet; the ggF $\documentclass[12pt]{minimal}
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                \begin{document}$$\ell \ell qq $$\end{document}$ search includes an additional channel sensitive to such final states.

For each channel, a discriminating variable sensitive to $\documentclass[12pt]{minimal}
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                \begin{document}$$m_{H} $$\end{document}$ is identified and used in a likelihood fit. The $\documentclass[12pt]{minimal}
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                \begin{document}$$\ell \ell qq $$\end{document}$ searches use the invariant mass of the four-fermion system as the final discriminant, while the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\ell \ell \nu \nu $$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\nu \nu qq $$\end{document}$ searches use a transverse mass distribution. Distributions of these discriminants for each channel are combined in a simultaneous likelihood fit which estimates the rate of heavy Higgs boson production and simultaneously the nuisance parameters corresponding to systematic uncertainties. Additional distributions from background-dominated control regions also enter the fit in order to constrain nuisance parameters. Unless otherwise stated, all figures show shapes and normalizations determined from this fit. All results are interpreted in the scenario of a new Higgs boson with a narrow width, as well as in Type-I and Type-II 2HDMs.

The ATLAS collaboration has published results of searches for a Standard Model Higgs boson decaying in the $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s}=7~\mathrm{TeV}$$\end{document}$ \[[@CR5]--[@CR7]\]. A heavy Higgs boson with the width and branching fractions predicted by the SM was excluded at the 95 % confidence level in the ranges $\documentclass[12pt]{minimal}
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                \begin{document}$$\ell \ell \nu \nu $$\end{document}$ mode. The searches in this paper use a data set of $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s}=8~\mathrm{TeV}$$\end{document}$. Besides using a larger data set at a higher centre-of-mass energy, these searches improve on the earlier results by adding selections sensitive to VBF production for the $\documentclass[12pt]{minimal}
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                \begin{document}$$\ell \ell \nu \nu $$\end{document}$ decay modes and by further optimizing the event selection and other aspects of the analysis. In addition, the $\documentclass[12pt]{minimal}
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                \begin{document}$$\nu \nu qq $$\end{document}$ decay mode has been added; finally, results of searches in all four decay modes are used in a combined search. The CMS Collaboration has also recently published a search for a heavy Higgs boson with SM width in $\documentclass[12pt]{minimal}
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                \begin{document}$$H\rightarrow ZZ $$\end{document}$ decays \[[@CR8]\]. Since the searches reported here use a narrow width for each Higgs boson mass hypothesis instead of the larger width corresponding to a SM Higgs boson, a direct comparison against earlier ATLAS results and the latest CMS results is not possible.

This paper is organized as follows. After a brief description of the ATLAS detector in Sect. [2](#Sec2){ref-type="sec"}, the simulation of the background and signal processes used in this analysis is outlined in Sect. [3](#Sec3){ref-type="sec"}. Section [4](#Sec8){ref-type="sec"} summarizes the reconstruction of the final-state objects used by these searches. The event selection and background estimation for the four searches are presented in Sects. [5](#Sec9){ref-type="sec"} to [8](#Sec21){ref-type="sec"}, and Sect. [9](#Sec24){ref-type="sec"} discusses the systematic uncertainties common to all searches. Section [10](#Sec28){ref-type="sec"} details the statistical combination of all the searches into a single limit, which is given in Sect. [11](#Sec29){ref-type="sec"}. Finally, Sect. [12](#Sec30){ref-type="sec"} gives the conclusions.

ATLAS detector {#Sec2}
==============

ATLAS is a multi-purpose detector \[[@CR9]\] which provides nearly full solid-angle coverage around the interaction point.[1](#Fn1){ref-type="fn"} It consists of a tracking system (inner detector or ID) surrounded by a thin superconducting solenoid providing a 2 T magnetic field, electromagnetic and hadronic calorimeters, and a muon spectrometer (MS). The ID consists of pixel and silicon microstrip detectors covering the pseudorapidity region $\documentclass[12pt]{minimal}
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                \begin{document}$$1.5 < |\eta | < 3.2$$\end{document}$). The MS consists of three large superconducting toroids arranged with an eight-fold azimuthal coil symmetry around the calorimeters, and a system of three layers of precision gas chambers providing tracking coverage in the range $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta | < 2.4$$\end{document}$. The ATLAS trigger system \[[@CR10]\] consists of three levels; the first (L1) is a hardware-based system, while the second and third levels are software-based systems.

Data and Monte Carlo samples {#Sec3}
============================

Data sample {#Sec4}
-----------

The data used in these searches were collected by ATLAS at a centre-of-mass energy of 8 TeV during 2012 and correspond to an integrated luminosity of $\documentclass[12pt]{minimal}
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Collision events are recorded only if they are selected by the online trigger system. For the $\documentclass[12pt]{minimal}
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Signal samples and modelling {#Sec5}
----------------------------

The acceptance and resolution for the signal of a narrow-width heavy Higgs boson decaying to a $\documentclass[12pt]{minimal}
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The production cross-sections for both the ggF and VBF processes are calculated using [SusHi]{.smallcaps} 1.3.0 \[[@CR17]--[@CR22]\], while the branching ratios are calculated with [2HDMC]{.smallcaps} 1.6.4 \[[@CR23]\]. For the branching ratio calculations it is assumed that $\documentclass[12pt]{minimal}
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The width of the heavy Higgs boson varies over the parameter space of the 2HDM model, and may be significant compared with the experimental resolution. Since this analysis assumes a narrow-width signal, the 2HDM interpretation is limited to regions of parameter space where the width is less than 0.5 % of $\documentclass[12pt]{minimal}
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Background samples {#Sec6}
------------------

Monte Carlo simulations are also used to model the shapes of distributions from many of the sources of SM background to these searches. Table [1](#Tab1){ref-type="table"} summarizes the simulated event samples along with the PDF sets and underlying-event tunes used. Additional samples are also used to compute systematic uncertainties as detailed in Sect. [9](#Sec24){ref-type="sec"}.
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Detector simulation {#Sec7}
-------------------

The simulation of the detector is performed with either a full ATLAS detector simulation \[[@CR66]\] based on [Geant]{.smallcaps}  4 9.6 \[[@CR67]\] or a fast simulation[3](#Fn3){ref-type="fn"} based on a parameterization of the performance of the ATLAS electromagnetic and hadronic calorimeters \[[@CR68]\] and on [Geant]{.smallcaps}  4 elsewhere. All simulated samples are generated with a variable number of minimum-bias interactions (simulated using [Pythia]{.smallcaps}  8 with the MSTW2008LO PDF \[[@CR69]\] and the A2 tune \[[@CR48]\]), overlaid on the hard-scattering event to account for additional $\documentclass[12pt]{minimal}
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Corrections are applied to the simulated samples to account for differences between data and simulation for the lepton trigger and reconstruction efficiencies, and for the efficiency and misidentification rate of the algorithm used to identify jets containing $\documentclass[12pt]{minimal}
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Object reconstruction and common event selection {#Sec8}
================================================

The exact requirements used to identify physics objects vary between the different searches. This section outlines features that are common to all of the searches; search-specific requirements are given in the sections below.

Event vertices are formed from tracks with $\documentclass[12pt]{minimal}
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Muon candidates ('muons') \[[@CR70]\] generally consist of a track in the ID matched with one in the MS. However, in the forward region ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$2.5<|\eta |<2.7$$\end{document}$), MS tracks may be used with no matching ID tracks; further, around $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|\eta |=0$$\end{document}$, where there is a gap in MS coverage, ID tracks with no matching MS track may be used if they match an energy deposit in the calorimeter consistent with a muon. In addition to quality requirements, muon tracks are required to pass close to the reconstructed primary event vertex. The longitudinal impact parameter, $\documentclass[12pt]{minimal}
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Electron candidates ('electrons') \[[@CR71]--[@CR73]\] consist of an energy cluster in the EM calorimeter with $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta |<2.47$$\end{document}$ matched to a track reconstructed in the inner detector. The energy of the electron is measured from the energy of the calorimeter cluster, while the direction is taken from the matching track. Electron candidates are selected using variables sensitive to the shape of the EM cluster, the quality of the track, and the goodness of the match between the cluster and the track. Depending on the search, either a selection is made on each variable sequentially or all the variables are combined into a likelihood discriminant.

Electron and muon energies are calibrated from measurements of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z\rightarrow ee/\mu \mu $$\end{document}$ decays \[[@CR70], [@CR72]\]. Electrons and muons must be isolated from other tracks, using $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\text {T}} ^{\ell ,\mathrm {isol}} / p_{\text {T}} ^{\ell }<0.1$$\end{document}$, where $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\text {T}} ^{\ell ,\mathrm {isol}}$$\end{document}$ is the scalar sum of the transverse momenta of tracks within a $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Delta R = 0.2$$\end{document}$ cone around the electron or muon (excluding the electron or muon track itself), and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\text {T}} ^{\ell }$$\end{document}$ is the transverse momentum of the electron or muon candidate. The isolation requirement is not applied in the case of muons with no ID track. For searches with electrons or muons in the final state, the reconstructed lepton candidates must match the trigger lepton candidates that resulted in the events being recorded by the online selection.

Jets are reconstructed \[[@CR74]\] using the anti-$\documentclass[12pt]{minimal}
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In the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\ell \ell qq $$\end{document}$ search at large Higgs boson masses, the decay products of the boosted $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z$$\end{document}$ boson may be reconstructed as a single anti-$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$k_t$$\end{document}$ jet with a radius of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$R=0.4$$\end{document}$. Such configurations are identified using the jet invariant mass, obtained by summing the momenta of the jet constituents. After the energy calibration, the jet masses are calibrated, based on Monte Carlo simulations, as a function of jet $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\text {T}} $$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\eta $$\end{document}$, and mass.

The missing transverse momentum, with magnitude $\documentclass[12pt]{minimal}
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Event selection {#Sec10}
---------------

The event selection and background estimation for the $\documentclass[12pt]{minimal}
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To improve the mass resolution, the four-momentum of any reconstructed photon consistent with having been radiated from one of the leptons in the leading pair is added to the final state. Also, the four-momenta of the leptons in the leading pair are adjusted by means of a kinematic fit assuming a $\documentclass[12pt]{minimal}
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Signal events can be produced via ggF or VBF, or associated production (*VH*, where $\documentclass[12pt]{minimal}
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Background estimation {#Sec11}
---------------------
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Event selection {#Sec13}
---------------

The event selection for the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$H\rightarrow ZZ\rightarrow \ell ^+\ell ^-\nu \bar{\nu }$$\end{document}$ ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\ell \ell \nu \nu $$\end{document}$) search starts with the reconstruction of either a $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z\rightarrow e^+e^-$$\end{document}$ or $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z\rightarrow \mu ^+\mu ^-$$\end{document}$ lepton pair; the leptons must be of opposite charge and must have invariant mass $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$76<m_{\ell \ell } <106~\mathrm{GeV}$$\end{document}$. The charged lepton selection is tighter than that described in Sect. [4](#Sec8){ref-type="sec"}. Muons must have matching tracks in the ID and MS and lie in the region $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|\eta |<2.5$$\end{document}$. Electrons are identified using a series of sequential requirements on the discriminating variables, corresponding to the 'medium' selection from Ref. \[[@CR73]\]. Candidate leptons for the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z\rightarrow \ell ^+\ell ^-$$\end{document}$ decay must have $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\text {T}} >20~\mathrm{GeV}$$\end{document}$, and leptons within a cone of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Delta R=0.4$$\end{document}$ around jets are removed. Jets that lie $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Delta R<0.2$$\end{document}$ of electrons are also removed. Events containing a third lepton or muon with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\text {T}} >7~\mathrm{GeV}$$\end{document}$ are rejected; for the purpose of this requirement, the 'loose' electron selection from Ref. \[[@CR73]\] is used. To select events with neutrinos in the final state, the magnitude of the missing transverse momentum must satisfy $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$E_{\text {T}}^{\text {miss}} > 70~\mathrm{GeV}$$\end{document}$.

As in the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\ell \ell \ell \ell $$\end{document}$ search, samples enriched in either ggF or VBF production are selected. An event is classified as VBF if it has at least two jets with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\text {T}} >30~\mathrm{GeV}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|\eta |<4.5$$\end{document}$ with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_{jj} >550~\mathrm{GeV}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Delta \eta _{jj} >4.4$$\end{document}$. Events failing to satisfy the VBF criteria and having no more than one jet with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\text {T}} >30~\mathrm{GeV}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|\eta |<2.5$$\end{document}$ are classified as ggF. Events not satisfying either set of criteria are rejected.
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Background estimation {#Sec14}
---------------------
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================================================================================================================================================

Event selection {#Sec16}
---------------
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                \begin{document}$$H\rightarrow ZZ\rightarrow \ell ^+\ell ^- q \bar{q}$$\end{document}$ search in the **a** untagged and **b** tagged resolved ggF subchannels. *The dashed line* shows the total background used as input to the fit. The simulated signal is normalized to a cross-section corresponding to 30 times the observed limit given in Sect. [11](#Sec29){ref-type="sec"}. The contribution labelled as 'Top' includes both the $\documentclass[12pt]{minimal}
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### Merged-jet ggF channel {#Sec18}

For very large Higgs boson masses, $\documentclass[12pt]{minimal}
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Events are considered for the merged-jet channel if they have exactly one signal jet, or if the selected jet pair has an invariant mass outside the range $\documentclass[12pt]{minimal}
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To be considered for the merged-jet channel, the dilepton pair must have $\documentclass[12pt]{minimal}
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Including this channel increases the overall efficiency for the $\documentclass[12pt]{minimal}
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### VBF channel {#Sec19}

Events produced via the VBF process contain two forward jets in addition to the reconstructed leptons and signal jets from $\documentclass[12pt]{minimal}
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                \begin{document}$$ZZ\rightarrow \ell ^+\ell ^- q \bar{q} $$\end{document}$ decay. These forward jets are called 'VBF jets'. The search in the VBF channel starts by identifying a candidate VBF-jet pair. Events must have at least four loose jets, two of them being non-$\documentclass[12pt]{minimal}
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                \begin{document}$$|\Delta \eta _{jj,\mathrm{VBF}}| > 4$$\end{document}$. The distributions of these two variables are shown in Fig. [5](#Fig5){ref-type="fig"}.

Once a VBF-jet pair has been identified, the $\documentclass[12pt]{minimal}
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                \begin{document}$$m_Z$$\end{document}$ as described in Sect. [7.1.1](#Sec17){ref-type="sec"}, resulting in a similar overall resolution of 2--3 %.Fig. 5Distribution of **a** invariant mass and **b** pseudorapidity gap for the VBF-jet pair in the VBF channel of the $\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$t\bar{t} $$\end{document}$ and single-top processes. *The bottom panes* show the ratio of the observed data to the predicted backgroundFig. 6The distribution of $\documentclass[12pt]{minimal}
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                \begin{document}$$H\rightarrow ZZ\rightarrow \ell ^+\ell ^- q \bar{q}$$\end{document}$ search in the VBF channel. *The dashed line* shows the total background used as input to the fit. The simulated signal is normalized to a cross-section corresponding to 30 times the observed limit given in Sect. [11](#Sec29){ref-type="sec"}. The contribution labelled as 'Top' includes both the $\documentclass[12pt]{minimal}
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Background estimation {#Sec20}
---------------------
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                \begin{document}$$Z+\mathrm {jets} $$\end{document}$ production, with significant contributions from both top-quark and diboson production in the resolved ggF channel, as well as a small contribution from multijet production in all channels. For the multijet background, the shape and normalization is taken purely from data, as described below. For the other background processes, the input is taken from simulation, with data-driven corrections for $\documentclass[12pt]{minimal}
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Top-quark production is a significant background in the tagged subchannel of the resolved ggF channel. This background is predominantly ($\documentclass[12pt]{minimal}
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Further uncertainties in the top-quark background arising from the parton showering and hadronization models are estimated by varying the amount of parton showering in [AcerMC]{.smallcaps} and also by comparing with [Powheg]{.smallcaps}+[Herwig]{.smallcaps}. Uncertainties in the $\documentclass[12pt]{minimal}
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================================================================================================================================================

Event selection {#Sec22}
---------------

Events selected for this search must contain no electrons or muons as defined by the 'loose' lepton selection of the $\documentclass[12pt]{minimal}
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Background estimation {#Sec23}
---------------------
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Even after these corrections, the simulation does not accurately describe the data in the $\documentclass[12pt]{minimal}
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Backgrounds from diboson and single-top production are estimated directly from MC simulations, both for shapes and normalization. The multijet background is estimated using a method similar to that used for the $\documentclass[12pt]{minimal}
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Systematic uncertainties {#Sec24}
========================

The systematic uncertainties can be divided into three categories: experimental uncertainties, related to the detector or to the reconstruction algorithms, uncertainties in the modelling of the signal, and uncertainties in the estimation of the backgrounds. The first two are largely common to all the searches and are treated as fully correlated. The uncertainties in the estimates of most backgrounds vary from search to search, and are summarized in the background estimation sections above. The estimation of the uncertainty of the $\documentclass[12pt]{minimal}
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Experimental uncertainties {#Sec25}
--------------------------

The following detector-related systematic uncertainties are common to all the searches unless otherwise stated.

The uncertainty in the integrated luminosity is determined to be 2.8 % in a calibration following the methodology detailed in Ref. \[[@CR88]\] using beam-separation scans performed in November 2012. This uncertainty is applied to the normalization of the signal and also to backgrounds for which the normalization is derived from MC calculations, and is correlated between all of the searches. There is also an uncertainty of 4 % in the average number of interactions per bunch crossing, which leads to an uncertainty on distributions sensitive to pile-up.
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The uncertainty in the jet energy scale has several sources, including uncertainties in the in situ calibration analysis, corrections for pile-up, and the flavour composition of the sample \[[@CR76], [@CR89]\]. These uncertainties are decomposed into independent components. For central jets, the total relative uncertainty on the jet energy scale ranges from about 3 % for jets with a $\documentclass[12pt]{minimal}
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Uncertainties on the lepton and jet energy scales are propagated into the uncertainty on $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$E_{\text {T}}^{\text {miss}} $$\end{document}$. A contribution to $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$E_{\text {T}}^{\text {miss}} $$\end{document}$ also comes from energy deposits that are not associated with any identified physics object; uncertainties on the energy calibration (8 %) and resolution (3 %) of the sum of these deposits are also propagated to the uncertainty on $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$E_{\text {T}}^{\text {miss}} $$\end{document}$ \[[@CR91]\].
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The efficiencies for the lepton triggers in events with reconstructed leptons are nearly 100 %, and hence the related uncertainties are negligible. For the selection used in the $\documentclass[12pt]{minimal}
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Signal acceptance uncertainty {#Sec26}
-----------------------------

The uncertainty in the experimental acceptance for the Higgs boson signal due to the modelling of Higgs boson production is estimated by varying parameters in the generator and re-applying the signal selection at generator level. The renormalization and factorization scales are varied up and down both independently and coherently by a factor of two; the amounts of initial- and final-state radiation (ISR/FSR) are increased and decreased separately; and the PDF set used is changed from the nominal CT10 to either MSTW2008 or NNPDF23.
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Combination and statistical interpretation {#Sec28}
==========================================

The statistical treatment of the data is similar to that described in Refs. \[[@CR98]--[@CR102]\], and uses a simultaneous profile-likelihood-ratio fit to the data from all of the searches. The parameter of interest is the cross-section times branching ratio for heavy Higgs boson production, assumed to be correlated between all of the searches. It is assumed that an additional Higgs boson would be produced predominantly via the ggF and VBF processes but that the ratio of the two production mechanisms is unknown in the absence of a specific model. For this reason, fits for the ggF and VBF production processes are done separately, and in each case the other process is allowed to float in the fit as an additional nuisance parameter. The *VH* production mechanism is included in the fit for the $\documentclass[12pt]{minimal}
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The simultaneous fit proceeds as follows. For each channel of each search, there is a distribution of the data with respect to some discriminating variable; these distributions are fitted to a sum of signal and backgrounds. The particular variables used are summarized in Table [3](#Tab3){ref-type="table"}. The distributions for the $\documentclass[12pt]{minimal}
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